Constraining annihilating dark matter mass by the radio continuum
  spectral data of NGC4214 galaxy by Chan, Man Ho & Lee, Chak Man
ar
X
iv
:2
00
9.
09
56
2v
1 
 [a
str
o-
ph
.H
E]
  2
1 S
ep
 20
20
Constraining annihilating dark matter mass by the radio continuum spectral data of
NGC4214 galaxy
Man Ho Chan, Chak Man Lee
The Education University of Hong Kong, Tai Po, Hong Kong, China
(Dated: September 22, 2020)
Recent gamma-ray and radio observations provide stringent constraints for annihilating dark
matter. The current 2σ lower limits of dark matter mass can be constrained to ∼ 100 GeV for
thermal relic annihilation cross section. In this article, we use the radio continuum spectral data
of a nearby galaxy NGC4214 and differentiate the thermal contribution, dark matter annihilation
contribution and cosmic-ray contribution. We can get more stringent constraints of dark matter
mass and annihilation cross sections. The 5σ lower limits of thermal relic annihilating dark matter
mass obtained are 300 GeV, 220 GeV, 220 GeV, 500 GeV and 600 GeV for e+e−, µ+µ−, τ+τ−,
W+W− and bb¯ channels respectively. These limits challenge the dark matter interpretation of the
gamma-ray, positron and antiproton excess in our Milky Way.
INTRODUCTION
Recent observations of gamma-ray, positrons and an-
tiprotons indicate some excess emissions of these particles
in our Milky Way. These excess emissions could be ex-
plained by dark matter (DM) annihilation (i.e. the DM
interpretations). For example, the gamma-ray excess can
be explained by DM annihilating via bb¯ channel with DM
mass m ∼ 30 − 80 GeV [1–3]. For positron excess and
antiproton excess, the suggested mass is m ∼ 100− 1000
GeV [4] and m ≈ 46 − 94 GeV (via bb¯ channel) [5] re-
spectively. Except for the positron excess interpretation,
the mass ranges coincide with each other and the anni-
hilation cross sections predicted are close to the thermal
relic annihilation cross section < σv >= 2.2× 10−26 cm3
s−1 [6].
However, recent analyses of gamma-ray observations
give very stringent constraints for annihilating DM. If
DM particles are thermal relic particles (the simplest
model in cosmology), the latest Fermi-LAT gamma-ray
observations of Milky Way dwarf spheroidal satellite
(MW dSphs) galaxies and two nearby galaxy clusters give
the lower limits of DM mass m ∼ 100 GeV for bb¯ quark
and τ+τ− channels [7–9]. For leptophilic channels like
e+e− and µ+µ−, analyses of AMS-02 data [10, 11] and
radio data [12–15] also give the lower limits m ∼ 50− 90
GeV. Some more recent analyses of radio data can im-
prove the limits to m ∼ 300 GeV [16]. These limits
obtained give some tension to the DM interpretations of
the gamma-ray, positron and antiproton excess. Never-
theless, most of these limits are only 2σ limits and it is
still too early to rule out the possibility of the DM inter-
pretations.
In this article, we use the radio continuum spectral
data of a nearby galaxy NGC4214 and differentiate the
thermal contribution, dark matter annihilation contri-
bution and cosmic-ray contribution. We show that the
5σ lower limits of DM mass with thermal relic anni-
hilation cross section can be improved to ≥ 220 GeV
for leptophilic channels and ≥ 500 GeV for two popu-
lar non-leptophilic channels. These results provide some
challenges to the DM interpretations of the gamma-ray,
positron and antiproton excess in our Milky Way.
THE MODEL
Previous studies show that radio data can give strin-
gent constraints for annihilating DM [12–18]. The high-
energy electrons and positrons produced from DM anni-
hilation emit strong synchrotron radiation SDM (in ra-
dio waves) when there is a strong magnetic field. These
analyses assume that all radio fluxes emitted Stotal orig-
inate from high-energy electrons and positrons produced
from DM annihilation (i.e. Stotal = SDM ). This as-
sumption overestimates the contribution of DM annihi-
lation because high-energy electrons and positrons can
also be produced by normal astrophysical processes such
as supernovae and pulsars (normal cosmic rays). There-
fore, the limits obtained for DM are somewhat underes-
timated.
If one can differentiate the contributions of radio flux
emitted from a galaxy due to DM annihilation SDM and
normal cosmic rays SCR, the constraints of DM can be
much more stringent. Furthermore, we can also eliminate
the radio flux due to thermal contribution Sth. The elec-
tromagnetic emission of the thermal electrons in a galaxy
would contribute a small part in the radio flux. This ther-
mal contribution part could be calculated by standard
thermal physics [19]. Including the thermal contribu-
tion can give more stringent limits for DM mass. In the
following, we assume Stotal = SDM + SCR + Sth. If the
magnetic field of the galaxy is strong enough (B ≥ 5 µG)
and remains uniform in the outer region, the diffusion of
high-energy electrons and positrons would be insignifi-
cant so that the radio flux (in mJy) contributed by DM
2emitted from a galaxy can be simply given by [20, 21]
SDM (ν) ≈
1
4piνD2
[
9
√
3 < σv >
2m2(1 + C)
E(ν)Y (ν,m)
∫
ρ2DMdV
]
,
(1)
where ν is the radio frequency, < σv > is the annihila-
tion cross section, D is the distance to the galaxy, C is
the correction factor for inverse Compton scattering con-
tribution, ρDM is the DM density profile of the galaxy,
E(ν) = 14.6(ν/GHz)1/2(B/µG)−1/2 GeV, Y (ν,m) =∫m
E(ν)
(dNe/dE
′)dE′ and dNe/dE
′ is the energy spectrum
of the electrons or positrons produced from DM annihi-
lation (it depends on annihilation channels) [22]. Here,
we have used the ‘point-source approximation’ in Eq. (1).
For angular region smaller than 1◦, the ‘J-factor’ is ap-
proximately equal to J ≈ ∫ ρ2DMdV/D2 [23]. As we will
see below, the angular region of our target galaxy is much
smaller than 1◦ so that using the ‘point-source approxi-
mation’ can be justified. Generally speaking, SDM (ν) is a
power-law of the radio frequency ν (SDM (ν) ∝ ν−αDM ).
The spectral index of radio spectrum αDM depends on
different annihilation channels. For example, αDM ≈ 0.5
for e+e− channel while αDM > 1 for bb¯ channel.
On the other hand, numerical simulations show that
the spectral index for GeV cosmic rays is very close to
a constant (for ν ∼ GHz) [24]. This is also true for our
Galaxy based on observations [25]. In fact, many galaxies
show nearly constant spectral index for a wide range of
frequencies (e.g. NGC 4449, NGC 891) [26, 27], and even
for galaxy clusters [28]. We will see later that the spectral
index of our target galaxy is also constant. Therefore, as-
suming a constant spectral index for cosmic rays would
give a better fit rather than the non-constant spectral in-
dex models. Otherwise, fine-tuning of the SDM and SCR
is required to give a resultant constant spectral index for
a wide range of frequencies. Also, the constant spectral
index model is the simplest model for cosmic-ray emis-
sion (only two parameters are involved). Based on the
above arguments and minimizing the involved parame-
ters, we can write SCR = SCR,0ν
−αCR . Our previous
study using this model gives better constraints of DM in
the Ophiuchus galaxy cluster [29]. For thermal contribu-
tion, we can write Sth = Sth,0ν
−0.1 [26]. The total radio
flux emitted by a galaxy is given by
Stotal(ν) = SDM (ν) + SCR,0ν
−αCR + Sth,0ν
−0.1. (2)
The parameter Sth,0 can be obtained from observational
data. Unfortunately, it is very difficult to predict the
theoretical values of SCR,0 and αCR for a galaxy. These
two values are free parameters when we apply this model
to fit the observational data.
THE RADIO CONTINUUM SPECTRAL DATA
There are some criteria to follow for choosing the best
target galaxy for analysis. First of all, the galaxy chosen
should have a large uniform magnetic field strength B.
It is because a large uniform magnetic field strength can
greatly facilitate the cooling of high-energy electrons and
positrons produced from DM annihilation. Due to the
high cooling rate, the diffusion of high-energy electrons
and positrons would be insignificant and the resultant
radio flux contributed by DM would be maximized. Sec-
ond, the galaxy should be nearby and rich in DM content.
Also, the radio data should have small uncertainties in
both large and small frequency regimes.
We have examined some archival galactic radio con-
tinuum spectral data and we have found a very good
candidate - NGC 4214 galaxy - to do the analysis. The
radio continuum data can be found in [26]. The thermal
contribution can be modeled by Sth = 20(ν/0.1 GHz)
−0.1
mJy [26]. Therefore, we can obtain the non-thermal ra-
dio flux data Snth and their uncertainties (see Table 1).
The non-thermal radio spectral index is very close to a
constant so that it is very good for analysis. Note that
the data in [26] have included several observations from
different telescopes. In particular, the data at ν = 1.4
GHz (56.9± 0.4 mJy, 51.5± 0.4 mJy, 38.3± 7.7 mJy and
70± 25 mJy) and ν = 4.85− 4.86 GHz (30.0± 4.5 mJy,
30.0±7.0 mJy and 34.0±6.8 mJy) have shown some dis-
crepancies. Therefore, we combine the data at ν = 1.4
GHz and ν = 4.85− 4.86 GHz respectively as 62.8± 32.2
mJy and 31.9± 8.9 mJy to allow for the largest possible
observational uncertainties (see Table 1).
The distance to the galaxy is D = 2.94 Mpc [26] and
the average uniform magnetic field strength is B ≈ 8
µG [30]. The angular size of the galaxy is smaller than
0.2◦. Note that the radio flux data we considered are
integrated flux which represent the total emissions of the
galaxy. Since we do not have the information about the
radio flux profile, we assume all radio signals come from
a single halo with size smaller than 0.2◦. As the size
is smaller than 1◦, the ‘point-source approximation’ in
Eq. (1) is still a very good approximation.
Generally speaking, the magnetic field of a galaxy usu-
ally trace the matter distribution and an exponential
function is commonly assumed to model the magnetic
field. However, this assumption requires two extra pa-
rameters (the central magnetic field and scale radius)
and the functional form also contributes systematic un-
certainties. In modeling radio emission of DM annihi-
lation, a larger magnetic field would give a larger radio
flux (except for the e+e− channel) [13, 14]. Observations
indicate that the central magnetic field of the NGC 4214
galaxy can be as high as 30 µG and the magnetic field
strength in the outer region (even for the outskirt region)
is close to a uniform strength 8 µG [30]. Therefore, the
3radio emission near the center is much larger. However,
the actual central magnetic strength and the magnetic
scale radius are quite uncertain. To avoid extra uncer-
tain parameters involved, we adopt a ‘uniform field ap-
proximation’ and use B = 8 µG to model the magnetic
field strength. This would underestimate the stronger ra-
dio emission due to DM annihilation. Using the constant
magnetic field strength can give conservative limits of m,
except for the e+e− channel. Nevertheless, the effect of
the assumption for the e+e− channel is not very large
(the limit of m is larger by less than 40%).
Note that the magnetic field strength of NGC 4214 is
somewhat higher than that in normal dwarf galaxies (e.g.
Local Group dwarf galaxies: B = 4.2 ± 1.8 µG [31]).
Nevertheless, study in [31] point out that some higher
star-formation rate and starburst galaxies may have very
high average magnetic field strength. For example, the
magnetic field strengths of the NGC 2976 galaxy, NGC
1569 galaxy and NGC 4449 galaxy are B = 6.6 ± 1.8
µG, B = 14± 3 µG and B = 9 ± 2 µG respectively [31,
32]. Since the star-formation rate of NGC 4214 galaxy
(SFR= 0.09M⊙/yr) is close to that of NGC 1569 (SFR=
0.13M⊙/yr) [33], the large magnetic field strength of the
NGC 4214 galaxy (B ≈ 8 µG) is not unexpected.
The effect of the inverse Compton scattering is also
very important. Since the cooling rate of the inverse
Compton scattering also depends onE2, this effect can be
simply characterized by a correction factor C in Eq. (1).
Assuming a conservative optical-infrared radiation en-
ergy density ωopt = 0.5 eV/cm
3 for NGC 4214 (same as
our Galaxy) [34], the energy density for inverse Comp-
ton scattering is about 0.75 eV/cm3, which corresponds
to C ≈ 0.49. The synchrotron and the inverse Compton
scattering are the dominated cooling processes.
As mentioned above, since the cooling rate is very high,
the diffusion is not important in the NGC 4214 galaxy.
This can be examined with the diffusion scale length [35]
λ ∼ 0.79 kpc
(
D0
1026 cm3
)1/2 ( ω0
1 eV cm−3
)−1/2( E
1 GeV
)−1/3
,
(3)
which represents the approximated length traveled by an
electron with initial energy E. Here, D0 is the diffusion
coefficient and ω0 is the total radiation energy density.
For B = 8 µG and C = 0.49, we have ω0 = 2.3 eV cm
−3.
The value of the diffusion coefficient is scale-dependent.
The standard diffusion coefficient used in our Milky Way
galaxy is D0 = 3.1 × 1028 cm2 s−1 [36]. However, for
a smaller NGC4214 galaxy, the smallest scale on which
the magnetic field is homogeneous is somewhat smaller.
The diffusion coefficient for a dwarf galaxy is of the order
1026 cm2 s−1 [37]. For the injection spectrum, most of
the electrons and positrons having E ∼ 1− 100 GeV for
m ≥ 100 GeV, which correspond to λ ∼ 0.1−1 kpc. This
means that an electron with E = 1−100 GeV would lose
most of its energy by traveling a distance of 0.1− 1 kpc.
Since most of the high-energy electrons and positrons are
produced near the central region of the galaxy (because
of the much higher density), most of them would lose
all their energy and they would be confined within the
galaxy (the size of the galaxy is larger than 5.63 kpc).
Note that the central magnetic field of the NGC 4214 is
much stronger. The diffusion scale length is much shorter
for the dominant central emission.
The DM density profile of NGC 4214 can be probed
from the SPARC data [38]. The SPARC data include
the observed rotational velocity v and the rotational ve-
locity contributed by baryonic matter vb. By subtract-
ing the baryonic matter contribution and assuming a
standard value of mass-to-luminosity ratio for galaxies
Υ = 0.5M⊙/L⊙ [38], we can obtain the rotational veloc-
ity contributed by DM v2DM = v
2 − v2b . The DM density
can be calculated by ρDM = (4pir
2)−1(d/dr)(rv2DM /G).
In Fig. 1, we can see that the resulting DM density can
be well-fitted by a power-law form ρDM ∝ r−2.18 for
r > 1.67 kpc. For the central density within r ≤ 1.67 kpc,
the uncertainties are quite large and we assume a con-
stant density profile which can give a conservative pre-
diction of DM annihilation signal. Therefore, we model
the DM density as
ρDM =


ρ0 r ≤ 1.67 kpc
ρ0
(
r
1.67 kpc
)−2.18±0.06
1.67 kpc < r ≤ 5.63 kpc
,
(4)
where ρ0 = (3.4± 0.8)× 10−24 g cm−3. The uncertainty
of fitting is very small. Here, we do not assume any
particular forms of DM density profile (e.g. Navarro-
Frenk-White profile or Burkert profile). The DM density
profile is just directly probed from the observed rotation
curve data. The systematic uncertainties involved would
be smaller than assuming any particular forms of DM
density profile.
Simulations show that the DM annihilation signal
would be enhanced due to the substructure contributions.
These contributions can be quantified by considering the
boost factor Bf , which can be modeled by the following
empirical expression [39]:
logBf =
5∑
i=0
bi
(
log
M
M⊙
)i
, (5)
where M is the virial mass of the structure and bi is
the fitted coefficients [39]. Following the DM profile in
Eq. (4), the virial mass is M = 9.8× 1010M⊙. Using the
most conservative model in [39], the corresponding boost
factor is Bf = 4.44.
We follow the standard cosmological scenario and as-
sume the thermal relic annihilation cross section for DM
< σv >= 2.2 × 10−26 cm3 s−1 [6]. Therefore, we can
get SDM (ν) for different annihilation channels and dif-
ferent DM mass m. For each annihilation channel and
4m, we can fit the predicted SDM (ν) + SCR(ν) with the
non-thermal radio continuum spectral data of NGC4214
Snth obtained in [26]. We minimize the reduced χ
2 value
(χ2red) by changing the values of two free parameters,
SCR,0 and αCR.
In Table 2, we present the corresponding χ2red values
for some DM mass and annihilation channels. The 5σ
lower limits of m are 300 GeV, 220 GeV, 220 GeV, 500
GeV and 600 GeV for e+e−, µ+µ−, τ+τ−, W+W− and
bb¯ channels respectively, which are determined by the re-
lation between χ2red and m in Fig. 2. We also plot the
spectra for m just ruled out at 5σ and just satisfied the
2σ lower limits respectively in Fig. 3. The corresponding
components of the thermal contribution, DM contribu-
tion and the cosmic-ray contribution are shown in Fig. 4.
In particular, we notice that for the e+e−, µ+µ− and
τ+τ− channels, the best-fit scenarios do not have the
contributions of cosmic rays (SCR = 0, see Fig. 4 and
Table 2). It means that the spectral index of dark mat-
ter annihilation for these three channels are already very
close to the observed non-thermal radio spectrum so that
no cosmic-ray component is needed to give better fits. In
other words, dark matter contribution alone plus ther-
mal component is sufficient to give the best-fit spectra
for these three channels.
In fact, this is the first time that we can rule out
m ≤ 220 GeV at 5σ for thermal relic annihilating DM.
Generally speaking, the χ2red will decrease further and
finally approach to a constant if we increase the value
of m (see Fig. 2). It is because the non-thermal radio
continuum spectrum of NGC 4214 is very close to a con-
stant spectral index αnth = −0.63± 0.04 [26]. Increasing
the value of m would suppress the contribution of SDM
so that SCR ≈ Snth. Therefore, we can only obtain the
lower limits of m using this method.
In the above analysis, we take the value of the ther-
mal relic annihilation cross section < σv >= 2.2× 10−26
cm3 s−1. Nevertheless, DM particles may not be thermal
relic particles and the annihilation cross section may be
larger or smaller than the thermal relic annihilation cross
section. If we release the annihilation cross section as a
free parameter, we can obtain its upper limit for each
annihilation channel. However, the values of the annihi-
lation cross section and the two free parameters, SCR,0
and αCR, are quite degenerate for a particular value ofm.
Therefore, we fix the values of SCR and αCR as their con-
vergent limits (the best-fit values when m is very large)
and obtain the 5σ upper limits of the annihilation cross
section as a function of m (see Fig. 5). We also show the
2σ upper limits of the annihilation cross section obtained
by the Fermi-LAT gamma-ray observations of the MW
dSphs galaxies [7, 8] in Fig. 5. We can see that our 5σ up-
per limits are tighter than the 2σ Fermi-LAT gamma-ray
limits.
We also examine the lower limits of DM if there is
no cosmic-ray contribution. Generally speaking, if the
cosmic-ray contribution is zero (SCR = 0), the lower
limits of m would be smaller because the DM contri-
bution has to be larger to account for the radio spec-
trum (smaller m gives larger SDM ). Therefore, setting
SCR = 0 would give the most conservative lower limits of
m. However, the thermal component Sth is determined
by the Hα emission measurement [26], which is indepen-
dent of the radio observations. Therefore, the thermal
component cannot be set to zero arbitrarily. In Fig. 6, we
show the χ2red values for the 5 channels without cosmic-
ray contributions. We can see that the 5σ DM mass
ranges for the e+e−, µ+µ− and τ+τ− channels are 300-
540 GeV (best-fit: 360 GeV), 220-400 GeV (best-fit: 280
GeV) and 220-430 GeV (best-fit: 280 GeV) respectively.
For the bb¯ and W+W− channels, the 5σ ranges of m
are 600-1050 GeV (best-fit: 800 GeV) and 490-830 GeV
(best-fit: 600 GeV) respectively. The resulting 5σ lower
limits of m are nearly the same as the results includ-
ing cosmic-ray contributions (compare with the results
in Table 2). That means the dark matter contribution is
still dominating at these lower limits of m. However, the
best-fit χ2red for the bb¯ and W
+W− channels are larger
than 4, which are excluded at more than 3.8σ. There-
fore, excluding the cosmic-ray contribution gives poorer
fits (larger χ2red values) for these two channels and bet-
ter fits will be obtained if cosmic-ray contributions are
included (compare the χ2red in Table 2).
Note that the χ2red values in Fig. 2 approach to a small
constant value while the χ2red increase with m in Fig. 6 in
the large DM mass regime. It is because the calculations
of χ2red in Fig. 2 have included the cosmic-ray compo-
nent. The cosmic-ray component would dominate the
contribution in the large DM mass regime and make the
χ2red values small. The best-fit χ
2
red value is about 1.5
without DM contribution (only cosmic-ray and thermal
contributions), which is a very good fit indeed. In other
words, the cosmic-ray and thermal contributions alone
can give a very good explanation for the radio contin-
uum data of the NGC 4214. A large contribution of the
DM component (when m is sufficiently small) would give
a large value of χ2red. That’s why we can obtain the lower
limits of m by using the radio continuum data of NGC
4214.
DISCUSSION
In this article, we use the radio continuum spectrum
of a galaxy (NGC 4214) to obtain the lower limits of DM
mass m for five popular annihilation channels. Using
radio data is a very good option for constraining DM be-
cause current radio telescopes can give observations with
very high resolution and sensitivity. For the NGC 4214
radio data we used, the radio beam size and flux density
level detected can be as small as 5” and 1 mJy respec-
tively [26]. Therefore, the radio data obtained may be
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FIG. 1. The DM density profile probed from the rotation
curve data in [38]. The red solid line is the density model in
Eq. (4) and the red dotted lines indicate the 1σ uncertainty.
200 400 600 800 1000 1200
m (GeV)
1
10
100
R
ed
uc
ed
 χ
2  
v
al
ue
e channel
µ channel
τ channel
b channel
W channel
2σ limit
3σ limit
4σ limit
5σ limit
FIG. 2. The relation between the reduced χ2 values and the
DM mass m for various channels.
more effective in constraining annihilating DM than the
Milky Way gamma-ray or positron data used in previous
studies. Furthermore, we have differentiated the contri-
butions of the thermal emissions, DM annihilation and
the normal cosmic rays so that we can obtain a better
lower limit of m for each of the annihilation channels. In
fact, many recent studies of gamma rays and positrons
have included the astrophysical background components
[40–42]. Nevertheless, using appropriate radio contin-
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FIG. 3. The best-fit spectra of Snth for m just ruled out at
5σ (dotted lines) and just satisfied the 2σ lower limits (solid
lines). The corresponding best-fit parameters and the reduced
χ2 values are shown in Table 2.
TABLE I. The radio continuum spectral data of NGC 4214
[26]. The four data for ν = 1.4 GHz and three data for ν =
4.855 GHz shown in [26] have been combined correspondingly
to allow for the largest possible uncertainties.
ν (GHz) Stotal (mJy) Snth (mJy) Uncertainties (mJy)
0.15 104.1 84.9 15.6
0.325 192.5 174.7 43.9
0.61 74.6 57.9 11.2
1.4 62.8 47.4 32.2
1.6 65 49.8 25
2.38 36 21.4 3
4.855 31.9 18.3 8.9
8.46 24.2 11.4 4.8
uum spectral data with the consideration of the back-
ground cosmic-ray and thermal components seem to get
better constraints. The limits obtained are the current
most stringent radio limits for thermal relic annihilat-
ing DM, which challenge the DM interpretations of the
gamma-ray excess [1–3] and antiproton excess [5]. For
the positron excess, it requires a much larger annihila-
tion cross section (≥ 10−24 cm3 s−1) [4]. Our results
also rule out the proposed DM interpretation if we as-
sume < σv >≥ 10−24 cm3 s−1 (see Fig. 5). If we do not
consider the boost factor, the lower limits of m would
approximately decrease by a factor of 2.3. Therefore, the
minimum 5σ limits ofm is still larger than 90 GeV for all
popular channels. This still challenges the DM interpre-
tations of the positron and gamma-ray excess. In fact,
60.1 1 10
1
10
100
1000
S t
ot
al
 
(m
Jy
)
0.1 1 10
1
10
100
1000
0.1 1 10
ν (GHz)
1
10
100
1000
S t
ot
al
 
(m
Jy
)
0.1 1 10
ν (GHz)
1
10
100
1000
e channel (m = 360 GeV) τ channel (m = 280 GeV)
b channel (m = 1000 GeV) W channel (m = 800 GeV)
FIG. 4. The best-fit spectra of Stotal and the corresponding
components (for m just satisfied the 2σ lower limits). The
black lines, red lines, green lines and blue lines indicate the
total radio flux Stotal, thermal radio flux contribution Sth,
DM flux contribution SDM and cosmic-ray flux contribution
SCR respectively. The corresponding best-fit parameters are
shown in Table 2.
TABLE II. The best fit parameters for some DM mass m and
annihilation channels.
Channel m (GeV) χ2red SCR,0 (mJy) αCR Remark
300 8.53 0 0 Ruled out at 5σ
e+e− 330 3.45 0 0 Ruled out at 3σ
360 1.71 0 0 Within 2σ range
220 7.56 0 0 Ruled out at 5σ
µ+µ− 240 3.37 0 0 Ruled out at 3σ
260 1.77 0 0 Within 2σ range
220 9.02 0 0 Ruled out at 5σ
τ+τ− 260 2.45 0 0 Ruled out at 2σ
280 1.73 0 0 Within 2σ range
400 14.9 0 0 Ruled out at 5σ
W+W− 600 3.11 9 0 Ruled out at 2σ
800 1.80 16 0.19 Within 2σ range
600 8.10 4 0 Ruled out at 5σ
bb¯ 800 2.66 9 0 Ruled out at 3σ
1000 1.84 15 0.16 Within 2σ range
the DM interpretations of the gamma-ray and positron
excess are controversial. The ranges of DM mass and
annihilation cross sections predicted are close to our ex-
pected values while some other studies point out that the
excess emissions might originate from pulsars or molec-
ular clouds [43–45]. Our results may provide some hints
for settling this controversy.
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FIG. 5. The colored solid lines are the 5σ upper limits of
the annihilation cross section in our analysis. The colored
dotted lines are the 2σ upper limits of the annihilation cross
section obtained by the Fermi-LAT gamma-ray observations
of the MW dSphs galaxies [7, 8]. The orange dashed line
indicates the thermal relic annihilation cross section < σv >=
2.2× 10−26 cm3 s−1 [6]. The data with error bars shown are
the predicted ranges of m and < σv > based on the dark
matter interpretations of gamma-ray excess [1–3], positron
excess [4] and antiproton excess [5]. The blue and red colors
of the data points correspond to the ranges for the bb¯ and
µ+µ− channels respectively.
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DM mass m for various channels without cosmic-ray contri-
butions.
7Note that the above results are solely based on the
data of a single galaxy. In fact, the diffusion processes
and cosmic-ray emissions in a small galaxy are not very
well known. For instance, if the diffusion length of the
high-energy electrons and positrons is much longer than
our expected, the radio emission due to the DM contri-
bution would be suppressed and the resulting lower lim-
its of DM mass would be smaller. Therefore, our results
may be affected by the systematic uncertainties involved.
More observations and analysis using a larger sample of
galaxies are definitely required to examine and verify our
claims.
The advantage of using the radio continuum spectral
data is that the spectral index is close to a constant.
This is true for many galaxies and galaxy clusters [25–
28]. Therefore, this method can be applied in many good
targets (nearby DM-rich galaxies) to constrain DM. More
radio continuum observations for these galaxies are defi-
nitely helpful. This method can also be applied in ana-
lyzing galaxy clusters [29, 46]. Using appropriate target
objects, the 5σ limits of DM mass could be improved to
500−1000 GeV. We expect that this method can open the
‘TeV window’ for DM, which is complementary to other
analyses of high-energy observations such as H.E.S.S. [47]
and DAMPE mission [48]. Future radio detection by the
Square Kilometre Array (SKA) may be able to constrain
thermal relic DM mass up to 10 TeV [49]. In fact, the
null result of DM direct-detection experiments [50, 51]
may suggest that DM mass is of the order or larger than
∼ 1 TeV [52]. Some recent analyses of the DAMPE data
indicate that DM mass may be even larger than 1.4 TeV
[53, 54]. Nonetheless, many theoretical proposals suggest
m ∼ 100 − 1000 GeV [55, 56]. Therefore, if we can im-
prove the 5σ constraints to ∼ 500− 1000 GeV before we
could have a more sensitive detector, it can help rule out
most of the existing DM models and narrow down the
possible parameter space for DM.
ACKNOWLEDGEMENTS
The work described in this paper was supported by
a grant from the Research Grants Council of the Hong
Kong Special Administrative Region, China (Project No.
EdUHK 28300518) and the internal research fund from
the Education University of Hong Kong (RG2/2019-
2020R).
[1] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S.
K. N. Portillo, N. L. Rodd, T. R. Slatyer, Phys. Dark
Uni. 12, 1 (2016).
[2] F. Calore, I. Cholis, C. McCabe & C. Weniger, Phys.
Rev. D 91, 063003 (2015).
[3] K. N. Abazajian & R. E. Keeley, Phys. Rev. D 93, 083514
(2016).
[4] M. Boudaud et al., Astron. Astrophys. 575, A67 (2015).
[5] I. Cholis, T. Linden & D. Hooper, Phys. Rev. D 99,
103026 (2019).
[6] G. Steigman, B. Dasgupta & J. F. Beacom, Phys. Rev.
D 86, 023506 (2012).
[7] M. Ackermann et al. [Fermi-LAT Collaboration], Phys.
Rev. Lett. 115, 231301 (2015).
[8] A. Albert et al. [Fermi-LAT, DES Collaborations], As-
trophys. J. 834, 110 (2017).
[9] M. H. Chan & C. H. Leung, Sci. Rept. 7, 14895 (2017).
[10] L. Bergstro¨m, T. Bringmann, T. Cholis, D. Hooper & C.
Weniger, Phys. Rev. Lett. 111, 171101 (2013).
[11] L. A. Cavasonza, H. Gast, M. Kra¨mer, M. Pellen & S.
Schael, Astrophys. J. 839, 36 (2017).
[12] A. E. Egorov & E. Pierpaoli, Phys. Rev. D 88, 023504
(2013).
[13] M. H. Chan, Phys. Rev. D 94, 023507 (2016).
[14] M. H. Chan, Phys. Rev. D 96, 043009 (2017).
[15] M. H. Chan, Astrophys. J. 844, 9 (2017).
[16] M. H. Chan, L. Cui, J. Liu & C. S. Leung, Astrophys. J.
872, 177 (2019).
[17] E. Storm, T. E. Jeltema, M. Splettstoesser & S. Profumo,
Astrophys. J. 839, 33 (2017).
[18] M. H. Chan, Mon. Not. R. Astron. Soc. 474, 2576 (2018).
[19] F. S. Tabatabaei, R. Beck, E. Kru¨gel, M. Krause, E. M.
Berkhuijsen, K. D. Gordon & K. M. Menten, Astron.
Astrophys. 475, 133 (2007).
[20] S. Profumo & P. Ullio, Particle Dark Matter: Observa-
tions, Models and Searches, ed. G. Bertone, Cambridge:
Cambridge University Press, chapter 27 (2010).
[21] G. Bertone, M. Cirelli, A. Strumia & M. Taoso, J. Cos-
mol. Astropart. Phys. 03, 009 (2009).
[22] M. Cirelli et al., J. Cosmol. Astropart. Phys. 03, 051
(2011).
[23] P. Ullio & M. Valli, J. Cosmol. Astropart. Phys. 07, 025
(2016).
[24] L. Nava, D. Benyamin, T. Piran & N. J. Shaviv, Mon.
Not. R. Astron. Soc. 466, 3674 (2017).
[25] L. O’C. Drury, arXiv:1708.08858.
[26] S. Srivastava, N. G. Kantharia, A. Basu, D. C. Srivastava
& S. Ananthakrishnan, Mon. Not. R. Astron. Soc. 443,
860 (2014).
[27] D. D. Mulcahy et al., Astron. Astrophys. 615, A98 (2018).
[28] M. Murgia, D. Eckert, F. Govoni, C. Ferrari, M. Pandey-
Pommier, J. Nevalainen & S. Paltani, Astron. Astrophys.
514, A76 (2010).
[29] M. H. Chan & C. M. Lee, Phys. Dark Uni. 26, 100355
(2019).
[30] A. A. Kepley, E. G. Zweibel, E. M. Wilcots, K. E. John-
son & T. Robishaw, Astrophys. J. 736, 139 (2011).
[31] K. T. Chyz˙y, M. Wezgowiec, R. Beck & D. J. Bomans,
Astron. Astrophys. 529, A94 (2011).
[32] R. T. Drzazga, K. T. Chyz˙y, G. H. Heald, D. Elstner &
J. S. Gallagher III, Astron. Astrophys. 589, A12 (2016).
[33] S. Hong, D. Calzetti, J. S. Gallagher III, C. L. Martin, C.
J. Conselice & A. Pellerin, Astrophys. J. 777, 63 (2013).
[34] A. M. Atoyan, F. A. Aharonian & H. J. Vo¨lk, Phys. Rev.
D 52, 3265 (1995).
[35] Q. Yuan et al., arXiv:1711.10989.
[36] G. Beck & S. Colafrancesco, arXiv:1810.07176.
[37] T. E. Jeltema & S. Profumo, Astrophys. J. 686, 1045
(2008).
8[38] F. Lelli, S. S. McGaugh & J. M. Schombert, Astron. J.
152, 157 (2016).
[39] A. Moline`, M. A. Sa`nchez-Conde, S. Palomares-Ruiz &
F. Prada, Mon. Not. R. Astron. Soc. 466, 4974 (2017).
[40] A. V. Belikov, G. Zaharijas & J. Silk, Phys. Rev. D 86,
083516 (2012).
[41] V. Gammaldi, E. Karukes & P. Salucci, Phys. Rev. D 98,
083008 (2018).
[42] J. A. R. Cembranos, A´. de la Cruz-Dombriz, P. K. S.
Dunsby & M. Me´ndez-Isla, Phys. Lett. B 790, 345 (2019).
[43] T. Linden & S. Profumo, Astrophys. J. 772, 18 (2013).
[44] R. Bartels, S. Krishnamurthy & C. Weniger, Phys. Rev.
Lett. 116, 051102 (2016).
[45] W. de Boer, L. Bosse, I. Gebauer, A. Neumann & P. L.
Biermann, Phys. Rev. D 96, 043012 (2017).
[46] M. H. Chan & C. M. Lee, arXiv:1912.03640.
[47] H. Abdallah et al. [H.E.S.S. Collaboration], Phys. Rev.
Lett. 117, 111301 (2016).
[48] G. Ambrosi et al., Nature 552, 63 (2017).
[49] J. A. R. Cembranos, A´. de la Cruz-Dombriz, V.
Gammaldi & M. Me´ndez-Isla, Phys. Dark Univ. 27,
100448 (2020).
[50] A. Tan et al., Phys. Rev. Lett. 117, 121303 (2016).
[51] E. Aprile et al., Phys. Rev. Lett. 119, 181301 (2017).
[52] J. A. Cooley, Physics 10, 3 (2017).
[53] H.-B. Jin, B. Yue, X. Zhang & X. Chen, Phys. Rev. D
98, 123008 (2018).
[54] M. H. Chan & C. M. Lee, Mon. Not. R. Astron. Soc. 486,
L85 (2019).
[55] L. Roszkowski, E. M. Sessolo & S. Trojanowski, Rept.
Prog. Phys. 81, 066201 (2018).
[56] G. Bertone, N. Bozorgnia, J. S. Kim, S. Liem, C. Mc-
Cabe, S. Otten & R. R. de Austri, J. Cosmol. Astropart.
Phys. 03, 026 (2018).
